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ABSTRACT. The relationship was found between gas density In
supersonic rarefied flow and negative luminescence in a glow-
discharge. Some results are given of density measurement in
a free stream and in a model. It is shown that density
measurement of negative luminescence of a glow-discharge is
effective in static pressure range of 5-1072 to 5:10"* mm of
mercury.

Thanks to the simplicity of the apparatus used, glow-discharge radiation  /106*

is a widely used method for observing rarefied streams in low-density wind
tunnels (for example, see [1,2]). However, because of the complexity of pro-
cesses leading to the development of luminescence, the ratio between intensity
of luminescence and gas density has not been established. Therefore, this

method allows only a course eStimate of density distribution.

" In [3] is a description of visual representation of a stream using‘the
negative luminescence of a glow-discharge, in which a supersonic jet is used
as the cathode element. It was found that luminescence is generated by
electrons with an energy corresponding to the drop in cathode potential.
Because of the dispersion of electrons upon collision with molecules, the con-
centration of electrons and radiation intensity decreases as the distance from
the jet increases. Below, based on the results of work [3] are the ratios
obtained, in which gas density distribution in a stream is calculated from the
distribution of radiation intensity. As in [3], the test gas used was nitrogen

or air, but other gases may be used as well for this method.

1. In the case of hydrogen or air medium and at sufficiently low
pressure, the negative radiation spectrum is a band of the first negative
hydrogen system. Intensity of the other spectral systems in the visible region
can be disregarded. It is known that intensity of energy band <(v',v") corres-

ponding to luminescence transition from energy level »' of the higher electron

*Numbers in the margin indicate pagination in the foreign text.



state to energy level v'" of the lower electyon state, is written in the form
i, v")Y= g (@)a (v, v") RV (¢, V")
A ) g( Ja (', v") BY (v, 0) (1)
Here a(v',v'") is the probability of transition, % is Plank's constant,
v(v',v"}) is radiation frequency. The condition of excitation is considered in
the product g(v'), which in the case of electron excitation is expressed in
the form

8OV=JN (1) (', 97 \ Ry ypr, B (B)AE
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Here N(U"l) is concentration of molecules at energy level vl" at the
lower electron state, from which entrance to level v' at the upper electron
state is realized; n is electron concentration; (v',v') is the overlap inte-

gral; Re(rv, EF) is the electron moment of transition; Tor pn is the r-
! 3

’-ulu,

centrode; f(E)dE is the portion of electrons with energies between E and E + dE.

At medium high gas temperature (< 1000°K) one can say that all molecules
are initially at the zero energy level of the basic electron state. We will
also assume that for'tﬁe first few energy levels for relatively high electron
energies, the ratio of Re to internuclear distance is extremely small [4,5].
Then '

£() =N (O n(, 0 \ B2(E)] (E)IE
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Radiation intensity I of the negative nitrogen system equals the sum of

the individual intensities of the bands, i.e.,

I= 3 i@, ") =A@, ) N©On SR3 (E)[ (E)dE -
E
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A‘(v', ") = 2 a(z’, zf”)hv (v, .v’;)(v’, 0y,

v, "

Thus radiation intensity is proportional to the concentration of molecules
(gas density) and to electron concentration. However, determination by the

absolute intensity of molecular concentration has a number of difficulties



associated with it. Therefore we will examine another possibility.

Let axis z be oriented along the axis of the jet. As: sufficiently low /107 °
pressure the energy chahge of electrons along axis z within: the.limits of the
observable region can be disregarded [3,6]. Then the relative change in inten-

sity of radiation during the movement from point z to ppintzz“+~damis

¢l (z) 1 aN(@) , 1 dn ({)1 .
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(5)

Or, introducing gas density p(z) im place of molecular: concentration ¥(z),

we obtaln

dl’(_) tlp() 1 dn(:) .
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(6)

Electron concentratici im & beam decreases with distance:from the jet, and

the gradient of electron concentration. along axis z is defined.as.

A (=3 dnf e 2P
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where u is the coefficient of weakeming of the electron beam [3}. Calculating

(7),'we'cbtain

du)_dnle)
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Initial point Z, is easily selected from the following considerations.
Ordinarily in a supersonic free stream one can find a fairly small Az, along.
the length of which the change in density is negligably small. Then for this
component' do/dz = @ and equation (&) can be written in the: form

dlnl (z)
dz e (10)



Since p in this case is independent of z, then the plot of I(z) =:-f(z) repre-
sents a straight line, from whose slope one: can. determine the:value:of:density
p. To find the density value for each point z using formula (9) it-is logical

to take the values of quantitites z I(zo) and p(zo) corresponding to the

0
final component of the linear function. (10), i.e., at the point-where the
density gradient becomes other tham zexz, and the plot of 1n I(z) +-f(z)

ceases to be Ilinear.

To determine the density at any point in the stream, one must-substitute
into the formulas cbtained the values of radiation intensity and. the
preceeding points along axis z. In the case of a smooth flow it-.is:possible
to use the integral values of radiation intensity observed. along the line.
For more complex spacial distribution of gas density and radiation:intensity,
calculation of density is more invalved. In particular, the.familiar:method
of calculating symmetrical axis non-uniformity can be used to.determine the
density fields if there-is axial symmetry of the distribution-of density in

the supersonic stream and in the model.

For photographic recording of radiation and work on the-linear portion
of the characteristic intensity curves, radiation intensity can:be- expressed

by darkness of the emulsion D(z). Then

E@‘:/ I(z5) =10[0 (=D (217 (11)

where v is the coefficient of the emulsion contrast. By this:means; in-
sectors where density is a function of z,

- ¢
z:
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(12)

For the portion with constant density we obtain

p;—_.—_g:i“lD(:‘) _ 23 D(z:)—D(z) (13)
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Points %, and 3

the ratio of D to z is linear.

are in the extremes of the region where dp/dz = 0 and

The value of the coefficient u can be found by doing preliminary calibra-
tion tests with a known gas density. By studying the passing flow of
molecules, density is usually determined in the form of a relative value such
as the form pw/p (p is density of the entering stream). In this case there is
no need for the values of coefficient p in the initial measurement; up, is
calculated from the inclination of the linear part of the D/z graph and sub-
stituted in (12). ) ‘

2. Density measurement was made in a low-pressure wind tunnel. The ngg
experimental set-up is described in [3]. ' The test gas was dry air. Prelimi-
nary calibration tests were conducted initially to determine the coefficient
u. The value of u depends on the cathode potential decrease, which cannot be
determined in each specific experiment. Therefore it is more expedient and
convenient to obtain the ratio from decay of potential u_ across the discharge
gap. Figure 1 illustrates such an experimentally determined ratio. Measure-

ment error was about 5%. One can see that u

em T |
shore——d | decreases as the potential increases. This
- ] .
J "&‘EZJ phenomenon is in agreement with the generally
60 404 L7 74 .20 » :
‘ ; ' accepted concept of the dependence of effec-
Figure 1.

tive cross section of electron-atom (molecule)

collision on its energy.

Gas density measurement in the supersonic stream beyond the (compression)
change in the model was made in conditions of not too great a rarefaction, where
it was still possible to compare the results of parameter value changes, which
were calculated by means of continuous correlations. As a model, a streamlined
round cylinder was used transversely. The length of the cylinder was made long
enough that flow parameters in the model within the limits of the length of the
radiation zone along the axis of observation were not distributed by boundary
effects, and flow could be considered plane. The conditions of supersonic flow
were as follows: Mach No. M_ = 5, static pressure r = 5.5'10"3 mm of mercury,
deceleration was at room temperature. If the cylinder radius is taken as

typical, then the Reynold's number is R, = 280 and Knudsen's No. is X = 0.027.

-



Figure 2 shows a photograph of streamline flow of the model. The negative was
exposed in the direction from the jet to the
model along the axis of the jet. A micrograph
of radiation (curve 1) and density distribution
(curve 2) along the deceleration line of the

model is' shown in Figure 3.

Gas density in the supersonic stream was

determined by the inclination of the straight-
line portion, and turned out to be equal to
(5.2 + 0.8).10"° kg/m>. Static density in the

stream, calculated on the basis of measurement

Figure 2.

1L at total nozzle thrust, equalled (6.0 + 2.1)-

;e '10-S kg/mz. Agreement of the results can be

22

\\\ considered fairly good. Calculations were
< .

made from the micrograph of radiation in

)

© _  Figure 3 using formula (12), in the region.of
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A the critical point along the gas density axis,
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compared. to the density in the free flow. The
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Distance from wall of medel, mm curve obtained represents a profile of the

compression shift, also shown in Figure 3.
Figure 3. Note that the compression change is rather
strongly broadened; this is characteristic for rarefied gas flow. The correla-
tion of gas densities within the limits of measurement error which was reached
beyond the change in the model corresponds to the calculated vélue from the
Rankine-Pugoniot relatinns, which equals 5 for ¥_ = 5. Thus the results of the
experimental studies made agree with the calculated values, which supports the
validity of the premises made and the suitability of the éuggested method for
experimental determination of the streamline spectrum of the model by rarefied
flow.

Construction of density fields provides the most complete representation
of the gas density distribution in a supersonic stream. Here it is important
whether the density field is calculated according to the streamline profile

obtained as a result of one measurement or the study is made by the /109



"point-for-point" methad. In the latter case one must. keep the wind tunnel
parameters constan® as weli as those of the measuring apparatus:over an
extended time period, which is not alwéys accomplished. An important feature
of the described method is the capability of photographing the entire picture
‘of the stream and then calculating the density at any point. The-lines of even
density at the crossways air-stream cylinder obtained by this:means for M_ = 5,

R_ =57, K= 0.13, are shown in Figure 4; &£ is the distance: from the forward

wall of the cylinder. along the brake

12—
£ MM &/ AV
/ // ;’/ A line, r is the distance.from the plane
/s

. ’ / 7 20 Iying on the axis of:the cylinder and the
s ' ' / ///// brake ‘line. One. can-calculate the field
/-’;—=f / // // - " and other parameters:under:specific con-

I " ditions according to-the density distri-

/ / // / /'/ / \u‘ bution.
4 , = 3
/ / / ///// ;350 ) 3. Measurement: error relative to .
a Alp ¥/ e ]

. / § ) density value Gzrm/—;—'—— is determined
1 / ! l & L prre] -
0 - P |
a

= basically by the: degree.of: rarefaction

and photo emulsion contrast coefficient

Figure 4. vy (Figure 5). Maximum pc_:ssible measure-

T ment error for photographing on film with
v \ r Y = Z.5 becomes large (about-25%) for p =

L \ \ = 5“m'6 mm of mercury. This:value, to which

b \ = corresponds static pressure, . or:about 5-107%
P \ \ ‘ mn of mercury, can apparently be. taken tenta-
y~——z.i\\\\ t:iiv.ej;y as the lower limit when using the des-
\\\ét_: cribed method. The upper:rlimit:is determined

P A /ﬂﬂ?-" i from the condition

P

Figul’e 5~ S p,pda F(P>('-;’“)<1

and depends on experimental conditians. We note that in the case. in question



density measurement at the cylinder, , <p>(z''-z'), is:a value nearunity, but
the deviation of the measured value from the calculated one still.does not

exceed measurement error.

As the extreme pressure limit one can tentatively indicate a:value of

5'10_2 mm of mercury. Thus the method of measuring density inrrarefied flow

by relative intensity of negative glow-discharge luminescence:can-be-:used in

2 -4

a pressure range from 5-10 ° to 5107 mm of mercury.
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